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 ABSTRACT  

Understanding interfacial charge transfer processes at the atomic level is crucial to 

support the rational design of energy-challenge relevant systems such as solar cells, batteries and 

photocatalysts. A femtosecond time-resolved core-level photoelectron spectroscopy study is 

performed that probes the electronic structure of the interface between ruthenium-based N3 dye 

molecules and ZnO nanocrystals within the first picosecond after photoexcitation and from the 

unique perspective of the Ru reporter atom at the center of the dye. A transient chemical shift of 

the Ru 3d inner-shell photolines by (2.3±0.2) eV to higher binding energies is observed 500 fs 

after photoexcitation of the dye. The experimental results are interpreted with the aid of ab-initio 

calculations using constrained density functional theory. Strong indications for the formation of 

an interfacial charge transfer state are presented, providing direct insight into a transient 

electronic configuration that may limit the efficiency of photoinduced free charge carrier 

generation.  
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A Knowledge-Based User Facility 
for Nanoscale Science 

‣ Knowledge-based user facility that provides state-of-the-art 
expertise and instrumentation in nanoscale science in a safe 
environment 
‣ Multidisciplinary research institute at the forefront of 

nanoscale science 



Foundry Expertise & the 50/50 Model 

29 PI staff scientists + 18 technical staff 



Organic and Macromolecular Synthesis 
Soft materials: organics, macromolecules, 
polymers and their assemblies  
 
Biological Nanostructures 
New bio-materials; new probes for bio-
imaging; synthetic biology techniques 
 
Inorganic Nanostructures 
Science of semiconductor, carbon and 
hybrid nanostructures 

Molecular Foundry Scientific Organization 

Theory of Nanostructured Materials 
Studies to guide understanding of new 
principles, behavior and experiments 

Nanofabrication 
Advanced lithographic and thin-film 
processing techniques 
 
Imaging and Manipulation of 
Nanostructures 
Characterization and manipulation 
of nanostructures 

National Center for Electron Microscopy (NCEM) 
Electron microscopy and nanocharacterization 



Scientific Research Themes  

Combinatorial Nanoscience  

Multimodal Nanoscale Imaging 

Single-Digit Nanofabrication and Assembly 

Functional Nanointerfaces  



33 states + DC & PR 
21 foreign countries 

User Demographics: FY10-present 
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Connection to Other Parts of LBNL 

Molecular Foundry 

JCAP, future site 
NERSC, future site 

NCEM 

ALS 

Over 37% of Molecular Foundry publications involve use of other LBNL user facilities 
and programs (FY12-current) 

11%	


National Energy Research 

Scientific Computing Center 
(NERSC) 

 

13%	


Advanced Light Source (ALS) 

 

7%	



National Center for 
Electron Microscopy 

(NCEM) 
 

9%	



Other LBNL programs 
 



High Performance Computing Services (HPCS) 
and dedicated compute clusters 

24/7 access to dedicated resources 
vital for development and application 

 
Test-bed for new technology 

Vulcan
+

Nano

lawrencium

22M CPUhrs	

 6M	

 <1M	



courtesy: Gary Jung, HPCS 



Theory	
  of	
  Nanostructured	
  Materials	
  Facility	
  
…	
  from	
  electrons	
  
	
  	
  	
  	
  	
  to	
  assemblies	
  

Developing	
  fundamental	
  understanding	
  of	
  energy-­‐relevant	
  phenomena	
  
and	
  materials	
  at	
  the	
  nanoscale,	
  with	
  a	
  focus	
  on	
  electronic	
  transport,	
  
computaBonal	
  spectroscopy,	
  and	
  self-­‐assembly.	
  

StaBsBcal	
  mechanics	
  
Ab	
  iniBo	
  forcefield	
  development	
  
Coarse-­‐grained	
  modeling	
  
Whitelam	
  

Electronic	
  core-­‐level	
  excitaBons	
  
Molecular	
  Dynamics	
  
Simulated	
  X-­‐ray	
  Spectroscopy	
  
Prendergast	
  

Electronic	
  excited	
  state	
  methos	
  
Electron	
  transport	
  
Weak	
  interacBons	
  
Neaton	
  

length	
  

Bm
e	
  

Recognized	
  hard	
  problems:	
  
Weak	
  interacBons	
  
Strong	
  correlaBons	
  
Excited	
  states	
  and	
  dynamics	
  
Nonequilibrium	
  phenomena	
  
Self-­‐assembly	
  and	
  growth	
  



Modeling Biomimetic Polymer Self-Assembly 

Combinatorial+Nanoscience+
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suite+ of+ customized+ robotic+ tools+ that+
can+ perform+ multi@step+ parallel+
syntheses,+ where+ these+ key+ synthesis+
variables+ are+ systematically+ varied+ in+
combination+(Fig.+2).++

Automated+ synthesis+ tools+ provide+ the+
precision+ control,+ reproducibility+ and+
repeatability+ to+ allow+ us+ to+ map+
extremely+ complex+ parameter+ spaces,+
and+ to+ develop+ a+ fundamental+
understanding+ of+ how+ they+ link+
together+ to+ produce+ a+ particular+
material.+ We+ have+ also+ developed+ a+
series+ of+ companion+ high@throughput+
screening+ tools+ to+ allow+ the+ parallel+
evaluation+ of+ various+ materials+ properties+ to+ allow+ the+ rapid+ identification+ of+ novel+ functions.+ In+
combination,+ these+ tools+ allow+ us+ to+ optimize+ the+ preparation+ of+ nanomaterials,+ to+manufacture+ and+
assemble+ them+ on+ a+ large+ scale,+ uncover+ new+ structure@function+ relationships,+ and+ in+ some+ cases+
optimize+multiple+properties+in+the+same+material.+Furthermore,+the+coupling+of+combinatorial+materials+
synthesis+ with+ high@throughput+ screening+ provides+ functional+ data+ on+ large+ sets+ of+ related+ analogs,+
which+we+use+to+understand+the+rules+of+design.+

Equally+ essential+ in+ the+ combinatorial+ nanoscience+workflow+are+ expertise+ and+ tools+ for+ sophisticated+
structural+characterization+of+our+nanomaterials,+as+described+in+the+Multimodal+ in+situ+Imaging+theme+
dcoument,+ as+well+ as+ at+ the+National+Center+ for+ Electron+Microscopy+ (NCEM)+and+ the+Advanced+ Light+
Source+(ALS).+We+have+thus+established+a+rigorous+cycle+of+discovery+that+involves+the+close+interplay+of+
synthesis,+ characterization+ and+ understanding.+ This+ interdisciplinary+ approach+ is+ a+ key+ to+ high@impact+
nanoscience+and+a+hallmark+of+Foundry+user+and+internal+science.+

A+ core+ value+of+ this+ theme+ is+ to+ establish+ reproducible+protocols,+ general+ design+principles,+ and+high@
quality+ nanomaterials+ that+ are+ shared+ and+ exchanged+with+ the+ broader+ research+ community.+We+ are+
establishing+the+Foundry+as+a+hub+for+state@of@the@art+materials+synthesis+in+the+nanoscience+community.+
As+we+ accumulate+more+ and+more+ experience+ from+ our+ staff+ and+ Users,+ we+ can+ increasingly+ be+ in+ a+
position+to+share+our+collective+understanding+to+accelerate+the+discovery+of+nanomaterials+that+impact+
problems+in+energy,+the+environment,+and+biomedicine.+

2.#Combinatorial#approach#to#nanocrystal#discovery#
Across+ its+ facilities,+ the+ Foundry+ uses+ colloidal+ inorganic+ nanoparticles+ as+ modular+ building+ blocks+ to+
fabricate+ materials+ that,+ among+ other+ applications,+ store+ hydrogen1,+ convert+ heat+ to+ electricity2,+
sequester+geologic+CO2+in+minerals3,+and+reduce+building+energy+consumption4+–+thereby+addressing+key+
energy+ research+ missions+ of+ DOE.+ Additionally,+ we+ serve+ the+ needs+ of+ the+ broader+ nanoscience+
community+ by+ elucidating+ the+ fundamental+ design+ rules+ through+ which+ the+ “bottom@up”+ chemical+
synthesis+ of+ colloidal+ inorganic+ nanocrystals+ can+ be+ used+ to+ program+ physical+ properties+ into+ these+
nanometer@scale+crystals+of+metals,+semiconductors,+and+insulators.++

A+major+challenge+to+developing+new+nanomaterials+that+can+exceed+current+technological+barriers+(e.g.,+
the+ thermoelectric+ figure+ of+ merit,+ ZT)+ is+ that+ these+ applications+ are+ often+ require+ the+ simultaneous+
optimization+of+multiple+physical+properties+that+are+interconnected+(e.g.+thermal+conductivity,+electrical+

Figure# 2:# Automated# synthesis# capabilities# at# the# Molecular# Foundry#
available#to#users#to#discover#new#nanomaterials.#

New Force-Fields for Peptoid Simulation 
Foundry staff Steve Whitelam 

Automated Biopolymer Synthesis Robots 
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Typical demise of lithium-sulfur battery 

Li-S batteries Issues 
 
•  Both Li2S and S8 are insulators – conducting contact 

•  Multi-step reactions at cathode: creates various Li2Sx 

•  Li2Sx species are soluble in electrolyte 

•  Parasitic shuttle reactions at anode 

Problem: Loss of active cathode material 
Infinite charging 

sulfur 
cathode 

Li metal 
anode 

electrolyte 
(ethers) 

•  Discharge:    16Li+ + 16e- + S8 -> 8Li2S 
 
•  Stepwise(?):      2Li+ + 2e- + S8 -> Li2S8 
                                … Li2S6, Li2S4, Li2S2 
                                … LiS3 (radicals) 

Evers, Nazar, Acc. Chem. Res.(2012) 

Li+ 

e- 

Li2Sx 



Experimental S K-edge 
XAS spectra of Li2Sx 
dissolved in polyglymes 

x = 1	

x = 2	

x = 4	

x = 6	

 x = 8	


Can we associate a given  

spectral fingerprint (color of XAS)  
with the existence of  

the corresponding molecular 
species? 

Stoichiometric mixtures of 
sulfur (S8) and lithium sulfide (Li2S) 

 
Li2S + (x-1)/8 S8 -> Li2Sx 

Measurements by Kevin Wujcik et al. (Balsara Group) 



 

Two main features: 

pre-edge – terminal sulfur atoms 

main-edge – internal sulfur atoms 

 

General red-shift with increasing length 

Increasing S-S bond lengths 

 

Increase in intensity ratio 

More internal -S- atoms 

Conclusions: 
S K-edge XAS of Li2Sx in TEGDME 

Pascal, et al. J. Phys. Chem. Lett. 2014, 5, 1547−1551 
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Exploring	
  charge	
  dynamics	
  at	
  the	
  dye-­‐substrate	
  interface	
  
(Oliver	
  Gessner	
  (LBNL),	
  Foundry	
  User	
  Project)	
  

Using	
  pump	
  probe	
  X-­‐ray	
  spectroscopy:	
  
-­‐  explore	
  charge	
  state	
  of	
  specific	
  atoms	
  
-­‐  correlate	
  with	
  charge	
  transfer	
  
-­‐  extract	
  device	
  dynamics	
  
	
  
Requires	
  ultrafast	
  light	
  source	
  
-­‐  X-­‐ray	
  Free	
  Electron	
  Laser	
  (LCLS@SLAC)	
  

Requires	
  well	
  controlled	
  sample	
  
-­‐  DSC’s	
  inherently	
  complex	
  
	
  
What	
  insights	
  can	
  theory/simulaBon	
  provide?	
  



Hybrid functionals point to “Interfacial State” interpretation	



Siefermann, Pemmaraju, Prendergast, Gessner, et al., J Phys Chem Lett (2014)	
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